Aims/hypothesis. Survival of microencapsulated islet grafts is limited, even when inflammatory reactions against the capsules are restricted to a small portion of less than 10%. Methods. This study investigates both in vivo in rat recipients and in vitro whether cellular overgrowth on this minority of the capsules contributes to limitations in the functional survival of the 90% of the encapsulated islets which remain free of any cellular overgrowth. Results. In successful rat recipients of an allogenic microencapsulated islet graft we found that the vast majority of cells in the capsular overgrowth were activated ED-1 and ED-2 positive macrophages which were found in numbers of approximately 1500 per capsule. Co-culture of encapsulated islets with 1500 (nr8383) rat-macrophages per capsule showed that the activation of macrophages was caused by islet-derived bioactive factors since TNF-α and IL-1β secretion by macrophages was induced by islet-containing capsules and not by empty capsules. This activation of macrophages was associated with a decrease in function of the encapsulated islets as evidenced by a quantitatively reduced (35%) insulin response in static incubation and a slower response in perifusion. Conclusion/interpretation. Present research aims to design strategies for the temporary inhibition of macrophage activation since macrophages are predominantly present in the first two months after implantation. These strategies will serve as a pertinent basis for future clinical application of microencapsulated islets. [Diabetologia (2003) 46:666-673] 
tion of tissues in alginate-poly-l-lysine (PLL) based capsules [1] . During recent years, important advances have been made with this technology. The first allotransplantations in humans with encapsulated parathyroid cells and pancreatic islets have been successfully carried out [2, 3] . Also, it has been shown to allow for successful xenotransplantation of islet grafts in both chemically induced and autoimmune diabetic rodents [4] , dogs [5] , and monkeys [6] . Although this illustrated the principle applicability of the alginate-encapsulation technique, a fundamental barrier has to be overcome since graft survival varies considerably from several days to months [4] . This variation in success rate is usually attributed to insufficient biocompatibility of the applied capsules with overgrowth of the capsules by macrophages and fibroblasts [7] and necrosis of the islets as a consequence [8] .
Immunoprotection involves envelopment of tissue in a semi-permeable membrane to protect donor cells against antibodies and cytotoxic cells of the host immune system. This immunoprotection by encapsulation allows for successful transplantation of cells in the absence of immunosuppression. A commonly used procedure for immunoprotection is microencapsulaThe alginate solution was converted into droplets using an air-driven droplet generator as previously described [20] . Polylysine-alginate encapsulation was carried out as described elsewhere [21] . Finally, the capsules had a diameter of 600 to 700 µm.
Transplantation and retrieval of microencapsulated islets. Under halothane anaesthesia, the microencapsulated islets were injected into the peritoneal cavity with a 16 G cannula via a small incision (3 mm) in the linea alba. The abdomen was closed with a two-layer suture. The implanted volumes varied between 2.0 and 2.5 ml. Blood glucose was assessed at regular time intervals in blood sampled from the tail vein. The glucose concentration was assessed with glucose test tapes (Reflolux, Boeringer Mannheim, Germany). Recipients with a blood glucose level less than 8.4 mmol/l were considered normoglycaemic.
Microcapsules were retrieved at 4 weeks after transplantation as previously described [8] . Microcapsules were mostly freely floating and non-adherent, but occasionally we found some capsules adherent to the surface of intra-abdominal organs.
Histology and assessment of capsular overgrowth. Non-adherent capsules recovered by peritoneal lavage were always divided in two portions. We fixed one portion in pre-cooled 2% paraformaldehyde, buffered with 0.05 mol/l phosphate, and processed for glycol methacrylate embedding [22] . Sections were prepared at 2 µm and stained with Romanovsky-Giemsa stain. This portion was used to assess the degree of capsular overgrowth, which was quantified by expressing the number of recovered capsules with overgrowth as the percentage of the total number of recovered capsules for each individual animal. The second portion of the recovered capsules was frozen in pre-cooled iso-propaan, sectioned at 5 µm, and processed for immunohistochemical staining as previously described [12] . The monoclonal antibodies used were: a combination of ED1 and ED2 against monocytes and macrophages and subset of macrophages [23] , HIS-40 against IgM-bearing B-lymphocytes [24] , HIS-48 against neutrophilic granulocytes [25] , R73 against CD3 + -bearing T-lymphocytes [26] , ASIALO-GM1 directed to natural killer (NK) cells [27] , and NOS6 against iNOS [28] . After several washing steps the sections were incubated with appropriate horseradish peroxidase-conjugated second step reagents. Peroxidase activity was shown by applying 3,3′-diaminobenzidine tetra HCL (DAB) containing hydrogenperoxide. In control sections, we used PBS instead of the first stage monoclonal antibody. This second portion was not only used to study the composition of the overgrowth but also to assess the number of ED-1 and ED-2 positive macrophages in the capsular overgrowth. To this end, we counted in each graft the macrophages on at least 100 sectioned overgrown capsules. Then we calculated for each graft the total number of cells on the overgrown capsules, considering the capsules to be perfect spheres. The cell number was expressed as a mean number of cells per recovered capsules for each individual animal.
Frozen sections were also applied to study iNOS-expression in macrophages obtained from in vitro experiments.
Processing for methacrylate embedding and RomanovskyGiemsa staining and for immunohistochemical staining as specified above was also applied to samples of adherent capsules recovered by excision.
Cell cultures and coincubation. Before starting the in vitro experiments we selected an appropriate macrophage-source for mimicking the in vivo situation. To this end, we first tested the feasibility of using residential macrophages either from over-Many groups, including ours, have focused in previous years on deletion of the tissue responses against encapsulated islets. This has resulted in many technical modifications to the procedure such as application of pure alginate [9] , new types of alginate [10] and a better technology to completely envelop the islets [11, 12] . This progress has brought about a substantial reduction in the tissue responses against encapsulated grafts which has been reduced from a severe reaction affecting the majority of more than 90% of the encapsulated islets [9, 13] to a mild reaction which involves not more than a portion of 2 to 10% of the capsules [8, 13] . It is generally assumed that the loss of islets associated with this small portion of overgrown capsules has no consequences for the function of the remaining 90 to 98% of the graft. Unfortunately, the reduction in tissue reactions did not bring about the expected permanent survival of the microencapsulated islet grafts since survival of the grafts is still limited to periods of 4 to 9 months [13, 14, 15] .
Our study was undertaken to analyse the effect of overgrowth on 2 to 10% of the capsules on the function of islets in non-overgrown capsules. Therefore, we first quantified the number of macrophages in the capsular overgrowth in vivo, since this type of cell is predominantly found in the capsular overgrowth [13, 16] . These assessments were applied to design an in vitro system in which we compared the function of encapsulated islets with and without macrophages, by comparing insulin secretion during glucose challenge.
Materials and methods

Animals and induction of diabetes.
Male inbred Albino Oxford (AO/G), Lewis rats, and Sprague-Dawley rats (SD) were obtained from Harlan (Harlan CPB, Zeist, The Netherlands) or the Central Animal Laboratory of Groningen. NHI-guidelines for the care and use of laboratory animals have been applied.
Male inbred Lewis-rats and SD-rats weighing 300 to 350 gram served as donors. Male inbred Albino Oxford rats (AO/G, the Central Animal Laboratory of Groningen, and The Netherlands) weighing 290 to 320 gram were used as recipients of encapsulated islet grafts. Diabetes was induced by injection of 75 to 90 mg/kg of streptozotocin (Zanosar, Upjohn, Kalamazoo, Mich., USA) via the tail vein as previously described [8] . To exclude beta-cell regeneration, we always took a biopsy from the pancreas at the time of peritoneal lavage [8] .
Islet isolation and encapsulation. Islets were isolated according to a collagenase digestion method as previously described [17, 26] . Islets were cultured in non-treated petri dishes (Greiner, Alphen a/d Rijn, The Netherlands) in portions of 100 islets per 25 cm 2 for 19 to 44 h in RPMI-1640 [containing 10% foetal calf serum (FCS, Gibco, Breda, The Netherlands), 8.3 mmol/l glucose and 10 mmol/l Hepes and 1% Penicillium/Streptomycin] at 37°C in humidified air containing 5% CO 2 . The total islet volume was assessed by measuring the diameters [18] of islets in a 4% aliquot of the islet suspension. For transplantation experiments, total islet volume was at least 10 µl, which is approximately equal to the endocrine volume of the normal rat pancreas [19] . grown capsules, from peripheral blood, or (proteose-peptone elicited) peritoneal macrophages [29] . This was done by comparing the number of iNOS-positive macrophages obtained from the in vitro-system with those collected in vivo on capsules directly fixed after being flushed from the peritoneal cavity. Unfortunately, none of the sources were adequate for application in the in vitro system since isolation and processing of the macrophages for in vitro application was associated with strong and inappropriate activation of the cells as evidenced by iNOS-expression in 80 to 95% of the macrophages (Fig. 1) while it was always less than 50% of the macrophages directly fixed after flushing from the peritoneal cavity. Another reason prohibiting the use of the above-mentioned macrophages as a cell source was that it was not applicable for long-term cultures since a substantial number of the macrophages died within hours after starting the incubations at 37°C. Therefore, in our subsequent approach we applied the Sprague-Dawley-macrophage cell line NR8383 (ATCC, Manassas, Va., USA) [30] since processing for culture of this cellline was not associated with increased expression of iNOS and it was one of the few cell lines which was found to secrete IL-1β and TNF-α in a dose-dependent fashion upon activation with LPS.
In the co-incubation experiment, four separate samples of 100 encapsulated islets were incubated with an appropriate quantity of macrophages in 12-well plates and subsequently cultured for 48 h in RPMI-1640 with 10% foetal calf serum, 8.3 mmol/l glucose, 10 mmol/l Hepes, and 1% Penicillium/Streptomycin at 37°C in humidified air containing 5% CO 2 . As a negative control on macrophage activation we used cultures of macrophages without encapsulated islets. As positive controls served NR8383-macrophages activated with 1 µg/ml LPS. This amount of LPS maximally stimulates IL-1β and TNF-α production. At the end of the experiments, incubation media were removed and frozen for determination of IL-1β and TNF-α. The cytokine secretory capacity by macrophages was expressed as pg/ml. Islets were harvested and processed for measurement of insulin secretion during glucose challenge.
Insulin secretion during glucose challenge. In static incubation experiments islets were tested in four separate samples of 10 islets each. To minimize the variability of the mean insulin responses, we selected islets with diameters between 150 and 200 µm. The encapsulated islets were preincubated for 45 min in 2 ml Krebs-Ringer-bicarbonate (KRB), gassed with 95% O 2 and 5% CO 2 , containing 0.25% BSA and 2.75 mmol/l glucose. The quantitative insulin secretion was then assessed by three consecutive incubations: (i) 45 min in 2.75 mmol/l glucose in KRB, (ii) 45 min in 16.5 mmol/l glucose in KRB (iii) 45 min in 2.75 mmol/l glucose in KRB. At the end of each incubation, the incubation media were removed and frozen for insulin determination. The insulin secretory responses were expressed as nanogram of insulin·ml −1 ·10 islets −1 ·45 min −1 .
In perifusion experiments islets were tested in three separate samples of 25 islets each. As with the static incubations, the variability of the mean insulin responses was minimized by selecting islets with diameters between 150 and 200 µm. Before the experiment the encapsulated islets were pre-perifused for 30 min in a modified cell perifusion apparatus at a flow rate of 0.9 ml/min with Krebs-Ringer-bicarbonate (KRB), gassed with 95% O 2 and 5% CO 2 , containing 0.25% BSA and 2.75 mmol/l glucose. The pattern or qualitative insulin secretion was then assessed by three separate perifusions: (i) 45 min in 2.75 mmol/l glucose in KRB, (ii) 60 min in 16.5 mmol/l glucose + 0.05 mmol/l 3-isobutyl-1-methylxanthine (IBMX) in KRB, (iii) 45 min in 2.75 mmol/l glucose in KRB. In the first and the second perifusion in low glucose, samples were col-lected every 5 min. In the high glucose perifusion samples were collected at 0, 1, 2, 3, 4, and 5 min after the start of the high glucose perifusion and every 5 min thereafter. Perifusion samples were removed and frozen for insulin determination. The insulin secretory responses were expressed as nanogram of insulin·ml −1 ·25 islets −1 .
Determinations. Insulin was assessed by a radioimmunoassay for rat insulin (Linco, St. Charles, Mo., USA) using rat insulin as a standard. IL-1β and TNF-α were assessed by ELISA (R&D, Abingdon, UK) using rat IL-1β and rat TNF-α as a standard.
Statistical analysis.
Results are expressed as means ± SEM. Statistical comparisons were made with the Mann Whitney U test. A p value of less than 0.05 was considered statistically significant.
Results
Graft function and overgrowth of the capsule graft.
All streptozotocin-induced diabetic AO-recipients of encapsulated Lewis-rat islets became normoglycaemic within 5 days after implantation. Transplantation of free, non-encapsulated Lewis-rat islets in streptozotocin-induced diabetic AO-recipients is always associated with immediate graft rejection. Encapsulated grafts were retrieved by peritoneal lavage at 4 weeks post implant.
At the time of peritoneal lavage, we occasionally found a portion of the capsules to be adherent to the omentum or liver. The vast majority of the capsules, however, was freely floating in the abdominal cavity without adhesion to the abdominal organs, as quantified by a retrieval rate of 91±5.3% of the capsules.
Virtually all capsules adherent to the abdominal organs were found to be overgrown by fibrotic tissue and occasionally by some macrophages. Of the 90% of capsules retrieved by peritoneal lavage, the range percentage of capsules with overgrowth varied between 2 to 10% with a mean of 8.1±0.5%. The com- of cells were ED1-and ED2-positive macrophages (Fig. 2) . We never observed NK-cells, granulocytes, CD3+-bearing T-lymphocytes, or B-lymphocytes cells.
In histological slices of free-floating capsules we quantified the number of ED-1 and ED-2 positive macrophages. The total number of macrophages varied between 11 000 and 21 000 per overgrown capsule. From these assessments follows that with an 8.1% overgrowth rate the quantity of macrophages per capsule amounts 1475±192.
Since the islet in the capsule can, theoretically, influence the composition of the overgrowth, we evaluated whether the number of macrophages on empty capsules was different from that on isletcontaining capsules. With empty capsules the number of ED-1 and ED-2 positive macrophages was 1472±170 per capsule which number is similar to the 1497±181 found on islet-containing capsules. Therefore, in the next in vitro experiments we always applied 1500 macrophages per islet-containing capsule. Fig. 3 . IL-1β and TNF-α secretion by macrophages after 48 h of coincubation with various stimuli. The upper graph indicates the TNF-α production, the lower graph indicates the IL-1β production. There was no secretion of cytokines by macrophages (n=8) nor by islets (n=6) when they were cultured alone in the absence of any stimuli. Empty capsules (n=8) did not induce any response by macrophages. Encapsulated islets (n=8) had an intermediate while LPS (n=8) had a maximum effect on the cytokine production by macrophages. Values represent means ± SEM position of the overgrowth on free-floating capsules was different from that on capsules adherent to the abdominal organs. The free-floating capsules were surrounded by some fibrotic tissue but the vast majority
Responses of rat macrophages on empty and isletcontaining capsules. Macrophage activation was quantified by measuring the production of the cytokines IL-1β and TNF-α after the administration of various stimuli. Media of cultures of macrophages alone and of islets alone, did not contain IL-1β or TNF-α (Fig. 3) .
To investigate the effect of the capsules as such on the responses of macrophages, we coincubated empty capsules with macrophages. This experiment was repeated eight times but we never detected any of the two cytokines in the culture medium.
In order to assess the effect of an islet in capsules on the IL-1β and TNF-α production by macrophages, we compared the production of the cytokines in the following three cultures: cultures with encapsulated Lewis-rat islets alone, cultures of macrophages and encapsulated Lewis-rat islets, and cultures of LPSactivated macrophages and encapsulated Lewis-rat islets.
The allogenic islet in the capsules had a pronounced effect on the activation of macrophages. This effect was more prominent on the IL-1β production than on the TNF-α production since IL-1β production was always increased and was never absent while TNF-α was not found in the culture media of three out of eight co-incubation experiments. However, the effect of allogenic tissue on macrophage cytokine production was modest when compared to the effect of LPS on the IL-1β-production (214.8±63.5 vs 1074.3±311.1 pg/ml) and TNF-α production (40±35 vs 712.5±250 pg/ml).
We questioned whether the macrophage responses were caused by the islets as such or by the histoincompatibility of the allogenic tissue. Therefore, we repeated the above experiments not only with Lewis ratislets, which imply an allogenic combination, but also with SD-islets, which implies an isogenic combination. The cytokine responses against allogenic islets were similar if not identical to the responses against isogenic islets (Fig. 4) .
Insulin secretion by encapsulated islets after incubation with macrophages.
The significance of the activation of macrophages on the function of the allogenic encapsulated islets was tested by carrying out glucose challenge experiments. This was done by static incubation to study the effects on the quantitative insulin Fig. 4 . IL-1β and TNF-α secretion by macrophages after 48 h of co-incubation with encapsulated allogenic islets (n=6) and encapsulated isogenic islets (n=3). Upper graph indicates the TNF-α production, the lower graph indicates the IL-1β production. Values represent means ± SEM production and by perifusion to assess the effect on the time-course of insulin secretion.
Co-incubation with macrophages had a clear-cut effect on the glucose induced insulin response of encapsulated islets (Fig. 5) . When encapsulated islets were co-incubated with macrophages, we observed a reduction of approximately 35% of both the basal insulin secretion (p<0.04) and the glucose-stimulated insulin secretion (p<0.02). This effect of macrophages on insulin secretion was even more pronounced in co-incubations of encapsulated islets and LPS-activated macrophages, since islets in capsules had completely lost their ability to respond to a glucose load when LPS-activated macrophages were in their direct vicinity.
Since perifusion of encapsulated islets has been a subject of discussion, we decided to extend and to repeat the above experiments in order to compare the results of cultures of encapsulated islets not only with that of cultures with (LPS-activated) macrophages but also with that of cultures of free, non-encapsulated islets.
Free, non-encapsulated islets immediately responded with a rise in insulin secretion upon stimulation with glucose and showed a classical biphasic insulin response (Fig. 6) . This response was different with encapsulated islets. Encapsulated islets responded slower but also with a lesser magnitude than the free, non-encapsulated islets. However, encapsulated islets did show a biphasic insulin response, although reduced and with a 12-min delayed first peak response when compared to free, non-encapsulated controls. It should be noted, however, that this increased insulin response of encapsulated islets at 15 min after starting the glucose load was repeatedly observed in the individual time curves but was not statistically different (p<0.1).
The quantitative reduction of insulin secretion by co-incubation with macrophages is associated with a change in the pattern of insulin secretion. The islets cultured with macrophages immediately responded upon glucose and IBMX challenge with an increase in insulin secretion (Fig. 6 ). This response, however, was somewhat slower and reduced when compared to encapsulated islets cultured without macrophages. This slower response of encapsulated islets after incubation with macrophages is accompanied by an incomplete return to basal insulin secretion during the second incubation in low glucose. Encapsulated islets co-incubated with LPS-activated macrophages did not show any responsiveness to glucose and IBMX stimulation.
Discussion
Our report shows that the overgrowth of a minority and often neglected portion of not more than 2 to 10% of the capsules can have serious and detrimental effects on the function of encapsulated islets. This overgrowth in vivo on this small portion of capsules is caused by individual imperfections on the capsule surface [7] such as inadequate islet encapsulation [11] and incomplete covering of the inflammatory poly-llysine [32] . Our study, also shows that the activation of attracted overgrowth is sustained by the islets in the capsules and not by the capsules themselves since cytokine production by macrophages in vitro is only increased when islets are inside the capsules and not when macrophages are cultured with empty capsules.
Our finding that encapsulated allogenic islets and encapsulated isogenic islets in capsules induce similar cytokine-responses in macrophages implies that factors other than alloantigens are responsible for the activation of macrophages. Possible candidates are cytokines produced by islet cells, which can readily pass the capsule membrane and induce inflammatory reactions [7] . It has been shown that islets without direct vascular access release inflammatory or angiogenic cytokines such as MCP-1 [33] , and VEGF [34] which are known to stimulate macrophages. Another possibility is that components from necrotic islet cells leak out of the capsules and subsequently attract and activate macrophages. Several groups showing immune activation in the pancreas after gradual administration of beta-cell toxins support this suggestion [35] .
Apparently, activated macrophages have a pronounced effect on the function of encapsulated islets. This explains our previous observations [8] and those of others [31] , showing reduced insulin secretory capacity of encapsulated islet grafts with some overgrowth retrieved from the peritoneal cavity of recipients with a successful islet graft. Also, it corroborates the findings of another study [36] , showing that transplantation of encapsulated islets in combination with local, intraperitoneal administration of agents selectively suppressing macrophages such as 15-deoxyspergualine is associated with a pronounced prolongation of the graft survival.
Our perifusion study shows that encapsulated islets respond upon a glucose challenge with a somewhat delayed and disturbed pattern when compared to free, non-encapsulated controls. These observations do not support the report of another study showing a biphasic insulin release by encapsulated islets which approach that of free, non-encapsulated islets [1] . This author, however, does not mention the size of the applied microcapsules, which is known to influence the rate and magnitude of the insulin response by encapsulated islets [37] . Our findings do confirm the results of one study [31] and the mathematical simulations of another [38, 39] , showing that capsules of the size applied for transplantation are too large to allow for an undisturbed glucose-induced insulin response since the relatively low amount of insulin associated with the first-phase insulin release will largely dilute in the large volume of the capsule.
In the 90% of the capsules retrieved by peritoneal lavage only 60% of the initially grafted islets is found after 4 weeks of implantation [8] . This disappearance of islets is explained by the fact that the loss of islets associated with 10% of overgrown capsules retrieved by lavage is higher than this 10% since islet containing capsules are considered to have a higher change to be overgrown than empty capsules [8] . Our study provides an alternative explanation. As shown, grafting of encapsulated islets is associated with overgrowth of 2 to 10% of the capsules by activated and cytokine-releasing macrophages. This predictably interferes with survival of islets since the cytokines TNF-α and IL-1β have been shown to be potent stimulators of islet-cell death [40] .
The fact that capsules can not adequately protect against cytokines such as IL-1β warrants some further consideration, since it should not be interpreted as an insurmountable obstacle for clinical application of microencapsulated islets. In a previous study, we have shown that the cellular overgrowth of the capsules is caused by defects on a small portion of capsules [13] . This cellular infiltrate was not a permanent but only a temporary phenomenon since after 2 months in the peritoneal cavity only overgrowth with fibroblasts surrounding the capsules was observed [13] . These observations imply that intervention is required in the first 2 months after implantation. Our efforts, therefore, focus on designing and testing immunosuppressive treatment strategies for temporary rather than permanently inhibiting macrophage activation. These strategies will serve as a pertinent basis for future clinical application of microencapsulated islets.
